Increased Ambulatory Pulse Pressure Is a Strong Risk Factor for Coronary Endothelial Vasomotor Dysfunction  by Ichigi, Yoshihide et al.
I
P
C
Y
K
A
K
Y
P
s
(
c
e
s
p
m
a
g
r
e
t
d
t
o
s
“
S
C
R
2
Journal of the American College of Cardiology Vol. 45, No. 9, 2005
© 2005 by the American College of Cardiology Foundation ISSN 0735-1097/05/$30.00
PEndothelial Function
ncreased Ambulatory Pulse
ressure Is a Strong Risk Factor for
oronary Endothelial Vasomotor Dysfunction
oshihide Ichigi, MD, Hajime Takano, MD, PHD, Ken Umetani, MD, PHD,
enichi Kawabata, MD, PHD, Jyun-ei Obata, MD, PHD, Yoshinobu Kitta, MD, Yasushi Kodama, MD,
kira Mende, MD, Takamitsu Nakamura, MD, Daisuke Fujioka, MD, Yukio Saito, MD,
iyotaka Kugiyama, MD, PHD
amanashi, Japan
OBJECTIVES This study was aimed to determine the relationship between pulse pressure (PP) and coronary
vasomotor dysfunction, a predictor of coronary events.
BACKGROUND Pulse pressure is a strong risk factor for coronary artery disease (CAD). However, the
mechanisms by which an increase in PP affects the pathogenesis of CAD are unclear.
METHODS Ambulatory blood pressure (BP) monitoring for 24 h was performed in 103 consecutive
patients with normal coronary angiograms (51 hypertensive and 52 normotensive; age 42 to
70 years). The relationship between changes in coronary arterial diameter and blood flow
during an intracoronary infusion of acetylcholine (ACh) (5, 10, 50 g/min), and BP
parameters, and other traditional risk factors was evaluated using univariate and multivariate
linear regression analyses.
RESULTS With multivariate analyses, the 24-h PP showed an inverse correlation with the epicardial
coronary dilator response to ACh independently of other covariates including age, smoking,
and 24-h systolic BP in normotensive as well as hypertensive patients. Furthermore,
multivariate analysis showed that the 24-h PP was inversely and independently correlated
with the increase in coronary blood flow in response to ACh. The dilator response of
epicardial coronary arteries to nitrate was not significantly correlated with 24-h PP.
CONCLUSIONS Increased 24-h PP is independently associated with endothelial vasomotor dysfunction in
conduit and resistance coronary arteries irrespective of the presence of hypertension. Increased
ambulatory PP may have an intimate relation to coronary endothelial vasomotor
dysfunction. (J Am Coll Cardiol 2005;45:1461–6) © 2005 by the American College of
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.01.038Cardiology Foundation
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culse pressure (PP), calculated as the difference between
ystolic blood pressure (SBP) and diastolic blood pressure
DBP), has been previously reported to be a stronger
ardiovascular risk factor than SBP alone, especially in
lderly hypertensive patients (1). Even in normotensive
ubjects, an increase in PP remains a powerful and inde-
endent predictor of cardiovascular risk, particularly for
yocardial infarction (2). However, the underlying mech-
nisms by which an increase in PP plays a role in patho-
enesis of coronary artery disease remain unclear. A recent
eport (3) showed that an increase in PP was associated with
ndothelial vasomotor dysfunction, an independent predic-
or of future coronary events, in the resistance vessels
ownstream from the brachial artery in hypertensive pa-
ients. However, there is no information on the effects of PP
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005, accepted January 25, 2005.n endothelial vasomotor functions in human coronary
rteries in normotensive or hypertensive patients. Further-
ore, the relationship between PP and endothelial vasomo-
or function in the coronary arteries may not be similar to
he brachial artery because of the predominant role of DBP
n the coronary circulation. Thus, the objective of this study
as to determine whether an increase in PP might be
ssociated with endothelial vasomotor dysfunction in the
onduit and resistance vessels in the coronary circulation in
oth normotensive and hypertensive subjects.
ETHODS
tudy patients. Study subjects consisted of a consecutive
eries of 103 patients. Characteristics of the study subjects
re shown in Table 1. They underwent diagnostic coronary
ngiography for atypical chest pain (95 subjects) or ST-
egment depression at rest or during exercise without chest
ain (8 subjects) in Yamanashi University Hospital between
anuary 2002 and January 2004. They fulfilled all of the
ollowing inclusion criteria: 1) angiographically normal
oronary arteries (5% narrowing after nitrate administra-
ion) and no coronary spasm (50% decrease in epicardial
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Pulse Pressure and Coronary Vasomotor Dysfunction May 3, 2005:1461–6oronary diameter from baseline and neither chest pain nor
schemic electrocardiographic change) after the intracoro-
ary infusion of acetylcholine (ACh); 2) normal left ven-
riculography; 3) no left ventricular hypertrophy, verified by
oth electrocardiography and echocardiography; and 4) no
istory of myocardial infarction, congestive heart failure,
alvular heart disease, secondary hypertension, stroke, renal
ysfunction (serum creatinine concentration2.0 mg/dl) or
ther serious diseases. All medications that could have
ffected coronary vasomotor reactivity and blood pressure
BP) were withdrawn 3 days before the study. Hyperten-
ion was defined according to Joint National Committee on
revention Detection, Evaluation, and Treatment of High
lood Pressure-VI criteria (4): the averaged values of two or
ore BP measurements obtained on at least two separate
ccasions were 140 mm Hg SBP or 90 mm Hg DBP,
ith waking ambulatory BP measurements 135/85 mm Hg
r sleeping ambulatory BP measurements 120/75 mm Hg.
ritten informed consent was obtained from all study subjects
efore the study. The study was approved by the ethics
ommittee at our institution.
rotocol for coronary angiography. After baseline an-
iography, incremental doses of ACh (5, 10, and 50 g/
in) were infused directly into the left coronary artery
hrough the Judkins catheter for 2 min with a 5-min interval
etween each dose (5). Hemodynamic measurements and
oronary angiography were repeated before and during each
f the ACh infusions. After an additional 15 min, intra-
oronary injection of isosorbide dinitrate (1 mg) was per-
Abbreviations and Acronyms
ACh  acetylcholine
BP  blood pressure
DBP  diastolic blood pressure
HR  heart rate
NO  nitric oxide
PP  pulse pressure
SBP  systolic blood pressure
Table 1. Study Patients’ Characteristics
All Patient
(n  103)
Age (yrs) 62  11
Male (%) 45
Body mass index (kg/m2) 24  4
Smoking (%) 45
Total cholesterol (mg/dl) 205  36
Diabetes mellitus (%) 26
Hypertension (%) 50
Non-dipper (%) 31
Ambulatory daytime PP (mm Hg) 50  11
Ambulatory daytime SBP (mm Hg) 127  17
Baseline coronary diameter (mm) 3.3  0.8
Baseline coronary flow (ml/min) 83  39Data are expressed as mean  SD and percentage. *p  0.05 vs. a
PP  pulse pressure; SBP  systolic blood pressure.ormed; 2 min after that, coronary angiography was per-
ormed in multiple projections in all study subjects.
mbulatory BP measurements. Systolic BP, DBP, PP,
nd heart rate (HR) during daily activities were measured
very 30 min for 24 h, by the oscillometric method, using a
oninvasive ambulatory BP monitoring system (TM-2425,
&D, Tokyo, Japan) (6). The daytime and nighttime mean
alues of SBP, DBP, PP, and HR during the 24-h period
ere analyzed after reviewing the patients’ diaries. We
efined daytime as the period from the time they awoke to
he time they went to sleep, and nighttime as the period
uring which they were sleeping (7). The daytime, night-
ime, and 24-h SBP, DBP, PP, and HR were the averages
f all of the values obtained at 30-min intervals. Non-dipper
ypertension was defined by the absence of the fall (10%)
n the nighttime mean SBP, and/or in DBP from the
espective daytime values (7).
uantitative coronary angiography and the measurement
f coronary blood flow. A quantitative coronary angio-
raphic study was performed in all of the study subjects with
he Judkins technique in the morning when the patients
ere fasting, in the same manner as described previously (5).
easurement of luminal diameter of the left anterior
escending coronary artery at the midsegment was per-
ormed quantitatively by use of a computer-assisted coro-
ary angiographic analysis system (Cardio 500, Kontron
nstruments, Munich, Germany) by two observers blinded
o the study protocol. Responses of the coronary artery
iameter to infusions of ACh and nitrates were expressed as
ercent changes from baseline diameter measured on angio-
rams taken just before each infusion.
Blood flow velocity was measured in a subgroup of 56
onsecutive subjects using a 0.014-inch wire equipped with
Doppler crystal at its tip (Flow Wire, Cardiometrics,
ountain View, California), which was advanced through
he Judkins catheter and carefully positioned in a straight
roximal segment of the left anterior descending coronary
rtery to obtain a stable flow velocity signal (5). The stable
eak flow velocity signals at baseline and during a 2-min
Hypertensive Patients
(n  51)
Normotensive Patients
(n  52)
63  11 61  12
45 44
25  5 24  3
49 41
206  39 203  33
30 22
— —
62* —
54  13 47  8†
140  16* 119  12*†
3.4  1.0 3.2  0.6
85  40 80  39sll patients; †p  0.05 vs. hypertensive patients.
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May 3, 2005:1461–6 Pulse Pressure and Coronary Vasomotor Dysfunctionnfusion of ACh at doses of 5 and 10 g/min were used for
he analysis (Flow Map, Cardiometrics). Coronary blood
ow (ml/min) was estimated from coronary blood flow
elocity and arterial diameter by the following formula: 0.5
averaged peak velocity (cm/min)  cross-sectional area
cm2). The response of coronary blood flow to intracoronary
nfusions of ACh was expressed as a percentage change from
he baseline blood flow just before ACh infusion.
tatistical analysis. Results are expressed as the mean 
D or percentage. The mean values of continuous variables
ere compared between the two groups using an unpaired t
est and frequencies were compared by chi-square analysis.
omparison of continuous variables among more than three
roups was performed using one-way analysis of variance.
inear regression analysis was used to determine the rela-
ionship between the coronary responses and all continuous
ariables. Multivariate linear regression analyses were also
sed to determine the relationship between coronary re-
ponses and 24-h ambulatory PP; independent covariates
ncluded any continuous variable that was significantly
orrelated with the coronary responses in the univariate
nalysis. In addition, the multivariate analysis also included
ny categorical risk factor that led to a significant difference
n coronary responses when patients with and without the
raditional risk factors were compared using an unpaired t
est. The categorical variables were coded using the follow-
ng dummy variables: 0 for the absence of the risk factor; or
for the presence of the risk factor. When correlation
etween coronary flow response and risk factors was ana-
yzed in the multivariate analysis, only data from all patients
ere used because there were too few patients tested for
oronary flow response in the various subgroups. A confi-
ence level of p  0.05 was considered statistically signifi-
ant. Analyses were partially assessed using StatView 5.0
SAS Institute, Cary, North Carolina).
ESULTS
omparisons of clinical characteristics and parameters
mong all study patients, hypertensive patients, and
ormotensive patients. None of the clinical characteristics
r parameters except the BP parameters was significantly
ifferent among the three groups, all patients, hypertensive
atients, and normotensive patients (Table 1).
orrelations of epicardial coronary diameter responses
ith clinical characteristics and BP parameters. Intra-
oronary infusion of ACh constricted the coronary arteries in a
ajority of patients and dilated the arteries in a small number
f patients, resulting in an overall constrictor response. Using
nivariate linear regression analysis, age and 24-h ambulatory
P and SBP had a significant and inverse correlation with the
ilator responses of epicardial coronary arteries to ACh at a
ose of 50 g/min in all patients (Fig. 1, Table 2). Age and
mbulatory PP and SBP also showed a significant correlation
n the subgroup of normotensive patients, as shown in Table 2.
s shown in Table 3, smokers had an impaired dilation or an wnhanced constriction of epicardial coronary arteries to ACh as
ompared with nonsmokers in all three of the study groups
Table 3). Using multivariate linear regression analysis after
djustment for age, smoking status, and ambulatory SBP as
ovariates, 24-h ambulatory PP remained significantly and
nversely correlated with the coronary diameter response to
Ch at a dose of 50 g/min in all patients, the hypertensive
atients, and the normotensive patients (Table 4). Ambulatory
P also was independently correlated with the diameter re-
ponses to ACh at 5 and 10 g/min in all patients as well as
ormotensive patients (standardized regression coefficient, 5
g/min; 0.47 and 0.53, respectively; p  0.05 in both; 10
g/min; 0.44 and 0.47, respectively; p  0.05 in both).
he dilator response to nitrates was not significantly cor-
elated with 24-h ambulatory PP in either all patients or just
he normotensive patients (r  0.1, p  NS; r  0.12,
 NS, respectively).
orrelation of coronary flow responses with clinical
haracteristics and BP parameters. Coronary blood flow
igure 1. Correlations of 24-h ambulatory pulse pressure (PP) with
ercent (%) changes of epicardial coronary dilator responses to acetylcho-
ine (50 g/min) in all the study patients, hypertensive patients, and
ormotensive patients.as increased in response to ACh infusion in all patients
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Pulse Pressure and Coronary Vasomotor Dysfunction May 3, 2005:1461–6tudied. Using univariate linear regression analysis, age and
mbulatory 24-h PP and SBP had a significant and inverse
orrelation with percent increase of coronary flow in re-
ponse to ACh at doses of 5 g/min in all patients (Fig. 2,
able 2). Age and ambulatory PP also had a significant
orrelation in the subgroup of the normotensive patients
Table 2). Diabetic patients had an impaired increase of
oronary flow to ACh as compared with nondiabetic pa-
ients in all of the three study groups (Table 3). In all of the
atients, 24-h ambulatory PP remained significantly and
nversely correlated with the percent increase of flow in
esponse to ACh at doses of 5 g/min using multivariate
inear regression analysis after adjustment for age, ambula-
ory SBP, and diabetes (these covariates were significantly
elated to the flow response in the univariate linear regres-
ion analysis or the unpaired t test) (Table 4). Also, the
able 2. Relationships of Coronary Risk Factors (Continuous Va
oronary Arteries and Coronary Blood Flow Response to ACh U
% Change in Epicardial Diameter (ACh 50
All Patients
(n  103)
Hypertensive
Patients
(n  51)
Nor
P
(n
ge 0.50† 0.44† 
MI 0.08 0.01 
otal cholesterol 0.06 0.09
4-h PP 0.46† 0.47† 
4-h SBP 0.40† 0.35* 
4-h DBP 0.18 0.03 
ffice PP 0.28 0.27 
ffice SBP 0.26 0.20 
ffice DBP 0.04 0.22
ata are expressed as regression coefficient. *p  0.05; †p  0.01.
ACh  acetylcholine; BMI  body mass index; DBP  diastolic blood pressure
Table 3. Comparisons of Percent (%) Changes
Coronary Blood Flow Response to ACh Using
% Change
All Patients
(n  103)
Presence Absence
Male 13  7 10  6
Smoking 14  6 9  6*
Diabetes 14  5 11  7
Hypertension 13  6 10  8
Non-dipper hypertension
% Chan
All Patients
(n  56)
Presence Absence
Male 67  58 59  47
Smoking 63  57 62  48
Diabetes 21  35 77  49*
Hypertension 53  46 72  57
Non-dipper hypertensionData are expressed as mean  SD. *p  0.05 vs. presence of resp
ACh  acetylcholine.ndependent and inverse correlation of 24-h ambulatory PP
ith the percentage increase of flow in response to ACh at
oses of 10 g/min was observed in all of the patients
standardized regression coefficient  0.45, p  0.05).
ISCUSSION
he present study assessed the relation between PP and
ndothelial vasomotor function in human coronary arteries.
ultivariate analyses indicated that increased ambulatory
P had a significant and independent correlation with
bnormal vasomotor reactivity in both the conduit and
esistance vessels in the coronary circulation, as demon-
trated by impaired dilation or enhanced constriction of
picardial coronary arteries and by the impairment of the
oronary blood flow increase in response to an intracoronary
s) With the Percent (%) Changes in Diameter of Epicardial
Univariate Linear Regression Analysis
in) % Change in Coronary Flow (ACh 5 g/min)
nsive
ts
2)
All Patients
(n  56)
Hypertensive
Patients
(n  29)
Normotensive
Patients
(n  27)
† 0.31* 0.24 0.41*
0.04 0.06 0.13
0.23 0.33 0.08
† 0.40† 0.38* 0.44*
† 0.36* 0.39* 0.25
0.18 0.20 0.02
0.29 0.34 0.17
0.29 0.36 0.19
0.07 0.22 0.06
pulse pressure; SBP  systolic blood pressure.
iameter of Epicardial Coronary Arteries and
egorical Variables to Classify Patients
picardial Diameter (ACh 50 g/min)
ypertensive Patients
(n  51)
Normotensive Patients
(n  52)
resence Absence Presence Absence
15  5 12  6 12  8 9  7
15  5 11  6* 13  7 8  7*
15  5 12  6 11  5 10  8
12  6 14  5
Coronary Flow (ACh 5 g/min)
ypertensive Patients
(n  29)
Normotensive Patients
(n  27)
resence Absence Presence Absence
45  45 58  47 89  64 59  49
45  45 59  46 83  65 65  51
24  39 73  39* 11  10 80  56*
51  50 54  39riable
sing
g/m
mote
atien
 5
0.53
0.10
0.04
0.44
0.43
0.23
0.30
0.19
0.23in D
Cat
in E
H
P




ge in
H
Pective factors.
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May 3, 2005:1461–6 Pulse Pressure and Coronary Vasomotor Dysfunctionnfusion of ACh. The epicardial coronary diameter re-
ponses to nitrates were not significantly correlated with
mbulatory PP. Thus, the present results indicate that an
ncrease in ambulatory PP has an independent association
ith endothelium-dependent vasomotor dysfunction in
onduit and resistance coronary vessels in the coronary
irculation.
The present study further showed that increased PP also
ad a significant and independent association with epicar-
ial coronary vasomotor dysfunction in a subgroup of
ormotensive patients. This may be related to previous
ndings (2) that an increase in PP is a strong predictor of
ardiovascular disease, especially myocardial infarction, in-
ependently of other BP parameters. However, prospective
tudies are required to determine the value of ambulatory
P for the prediction of future cardiac events in patients
ith preclinical hypertension in order to confirm the results
f the present study. In contrast to the usefulness of
mbulatory PP in the present study, office PP did not have
significant association with coronary endothelial vasomo-
or dysfunction. This is consistent with previous reports
1,8,9) that found 24-h ambulatory PP monitoring superior
o office PP measurement for predicting cardiovascular
isease because ambulatory PP may more accurately reflect
he dynamic interaction between the heart and the central
tiff arteries during all of the patient’s activities.
We and others (10,11) have previously shown that
oronary vasomotor regulation largely depends on endothe-
ial nitric oxide (NO) activity. Thus, the decrease in coro-
ary endothelial NO activity may be the underlying mech-
nism for the coronary endothelial vasomotor dysfunction in
he present patients with increased ambulatory PP. The
ecrease in arterial NO might cause coronary artery spasm
12) and induction of various proatherothrombogenic mol-
cules in the arterial walls (13), resulting in a high incidence
f myocardial infarction.
Pulse pressure is largely determined by three hemody-
amic factors: arterial stiffness, stroke volume, and wave
eflections (14). Among these factors, an increase in arterial
tiffness most importantly contributes to the effects of an
levated PP on the risk of cardiovascular disease. An
ncrease in extracellular matrix formation causes arterial
able 4. Multiple Linear Regression Analysis for the Association
iameters and Coronary Flow Response to ACh
% Change in Epicardial Diameter (ACh 5
All Patients
(n  103)
Hypertensive Patients
(n  51)
No
ge 0.45† 0.34*
4-h PP 0.36* 0.50†
moking 0.42† 0.39*
iabetes
4-h SBP 0.19 0.09
ata are expressed as standardized regression coefficient. *p  0.05; †p  0.01.
ACh  acetylcholine; PP  pulse pressure; SBP  systolic blood pressure.tiffness, especially in central arteries, and it might largely pontribute to the increase in PP in patients with age and
ypertension (15). Angiotensin-converting enzyme inhibi-
ors and angiotensin receptor blockers attenuate extracellu-
ar matrix formation in addition to reducing SBP (15).
herefore, these drugs could reduce arterial stiffness,
hereby effectively reducing PP as well as SBP.
In conclusion, increased 24-h ambulatory PP has a strong
igure 2. Correlations of 24-h ambulatory pulse pressure (PP) with
ercent (%) changes of coronary blood flow responses to acetylcholine (5
g/min) in all the study patients, hypertensive patients, and normotensive
isk Factors With Relative Changes in Epicardial Coronary
min) % Change in Coronary Flow (ACh 5 g/min)
ensive Patients
n  52)
All Patients
(n  56)
0.51† 0.14
0.36* 0.50†
0.54†
0.45†
0.05 0.22of R
0 g/
rmot
(atients.
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Pulse Pressure and Coronary Vasomotor Dysfunction May 3, 2005:1461–6nd independent association with endothelial vasomotor
ysfunction in the conduit and resistance vessels in the
oronary circulation in normotensive as well as hypertensive
atients. Increased ambulatory PP may have an intimate
elation to coronary endothelial vasomotor dysfunction.
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